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ABSTRACT

We present a novel concept for an integrated silicon photonic coherent transceiver using vertical-emitting laser sources at 1550 nm. In a
state of the art external modulation configuration, we deploy a VCSEL on the transmit and a HCSEL on the receive side. We demonstrate
the feasibility of this approach by externally modulating the VCSEL with QPSK at up to 28 Gbaud. We also perform experiments with the
VCSEL-HCSEL configuration in a slave-master optical injection locking setup for future data center interconnects. The results show stable
locking conditions and the VCSEL is detuned to perform predominant phase modulation. To the best of our knowledge, this is the first time
direct phase modulation of a VCSEL under optical injection locking was demonstrated using two vertically emitting laser sources as master -
and slave laser.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120019

I. INTRODUCTION

Currently, there is an intense debate about how far coherent
communication will be deployed for short-reach intra data cen-
ter interconnects (up to 10 km) in the future, which are presently
entirely served by direct detect systems. While for example 850 nm
vertical-cavity surface-emitting lasers (VCSELs), which are used for
the shortest link distances, have been demonstrated to support data
rates >70 Gbps using direct modulation- and detection,' the spectral
efficiency is limited. Coherent communication generally requires a
more complex modulation scheme. However, it also offers a scal-
able technology, able to support highly spectral efficient modulation
formats commonly used for longer link distances. It is therefore a
viable approach for supporting the increasing data rate demands of
future intra data center interconnects. Silicon photonics has proven
to be a high potential technology in the coherent domain.” Silicon
photonics also has the scaling capabilities essential for intra data
center interconnects. However, there are several economic as well
as technical challenges that so far prevented silicon photonics based

short-reach interconnects. Among other issues one needs to con-
sider that 1) narrow linewidth tunable laser sources are a major
cost-item in present coherent modules. 2) Silicon photonic modu-
lators show undesirable tradeoffs with respect to insertion loss and
power consumption.’ In this paper we would like to discuss some
important aspects of a novel concept for the use of mixed laser
sources flip-chip integrated with silicon photonics, which would
address both issues. The concept goes beyond traditional laser inte-
gration that aims at mere light source integration. The basic per-
ceived TROSA (transmitter/receiver optical sub-assembly) struc-
tures are depicted in Figure 1. We propose the use of VCSEL and
horizontal-cavity surface-emitting DFB laser (HCSEL) sources inte-
grated with a silicon photonics platform such as photonic BiCMOS
to enable coherent transmission. The rationale behind the use of
VCSEL and HCSEL sources are as follows. Both are vertical emit-
ters and therefore intrinsically compatible with flip-chip solder-
ing on silicon photonic grating couplers,” ® which is at present a
comparatively mature integration technology. In addition, VCSEL
technology (in the 850-1000 nm range) has made tremendous

AIP Advances 9, 105114 (2019); doi: 10.1063/1.5120019
© Author(s) 2019

9, 105114-1


https://scitation.org/journal/adv
https://doi.org/10.1063/1.5120019
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5120019
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5120019&domain=pdf&date_stamp=2019-October-18
https://doi.org/10.1063/1.5120019
https://orcid.org/0000-0002-0325-4888
mailto:seiler@tu-berlin.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5120019

AIP Advances
a D =
] El
i £
VCSEL IQ Mod : 4 M Mx: | S
*5} k. £
ofe” §
— VCSEL 1Q Mod
Coh.
Rx
5
) =
S | ixM *ﬁ (XM Mx:
(=9
= HCSEL
= Coh.
Rx
N >
(a)
) D\ )
Coh.
Rx
£ = = H
=\ & &7 g
(]
& || HCSEL VCSEL 2
= PE] =
= ) =
2 3 :
VCSEL
cxM
—/ * —/
(b)

FIG. 1. Concept for an integrated coherent silicon photonics transceiver chip (blue
box) using using energy efficient and low cost VCSELs and utilizing multiple split-
ting of a HCSEL. (a) Traditional configuration using external IQ modulators. (b)
Optical injection locking using the HCSEL as master and the VCSELS as slaves for
direct coherent modulation techniques. 1Q Mod: 1Q modulator, Coh. Rx: coherent
receiver.

progress, with volume applications of VCSELs now being in the con-
sumer market, demonstrating that VCSELs have the potential to
be very low cost.” HCSELs on the other hand show considerably
higher output power and smaller linewidth than VCSELs. Com-
bining HCSELs and VCSELs therefore has the potential to provide
more cost-effective solutions than HCSEL-only solutions, fulfilling
at the same time basic optical power requirements, especially on
the receive side. The 2nd important aspect is that VCSELs have
the potential to bypass the external silicon photonic modulator.
Omitting the silicon photonic modulator could lead to consider-
able savings of chip-footprint and power. To this end we propose
the use of optical injection locking of VCSELs for phase modu-
lation, which can effectively detune a laser to work in a regime
of predominant phase response under direct modulation. VCSELs
have shown to be compatible with coherent communication’ '’
and the injection locking of VCSELs in particular has been under
investigation in recent years.'' "> Optical injection is also known to
be able to enhance the relaxation oscillation frequency, bandwidth
and reduce relative intensity noise.'® Despite of these advantages,

ARTICLE scitation.org/journall/adv

there are clear drawbacks of VCSELs as well, in particular their
limited output power. Further concerns arise, due to their gener-
ally larger linewidth in comparison to edge-emitters. Both issues
can be addressed by deploying a vertically emitting DFB laser in
combination with VCSELs.

In this article, we study experimentally for the first time impor-
tant aspects of this novel concept for coherent transceiver based on
two different surface-emitting lasers. First, we shall demonstrate the
operation of this configuration in a 56 Gbps experiment deploy-
ing external modulation. A VCSEL is used at the transmitter and
a HCSEL at the receiver, acting as local oscillator. The VCSEL will
be modulated with quadrature-phase shift-keying (QPSK) at up to
28 Gbaud. Following, we investigate the combination of VCSEL and
HCSEL for future integrated coherent interconnects using optical
injection locking, bypassing the need for external modulators. A
VCSEL will be locked to an external-cavity laser (ECL) and ampli-
tude responses will be measured as a reference. Subsequent, the
VCSEL will be locked to the HCSEL and amplitude responses,
as well as coherent large-signal modulation measurements will be
performed. The operation of the VCSEL in a regime of predomi-
nant phase modulation will be investigated. In the external mod-
ulation configuration, the transmitter benefits from the low power
consumption and the small footprint of VCSEL structures. The
receiver profits from the higher output power of the DFB laser (see
Fig. 1 (a)). The integration of the power efficient VCSEL and the
high output power HCSEL also offers the employment of more flex-
ible and novel concepts, like optical injection locking (see Fig. 1 (b)).
Depending on the application, the VCSELs locked to the HCSEL
can be tuned to regimes of phase modulation and directly modu-
lated. Integrated solution could also include interferometric struc-
tures to remove remaining chirp. This way, coherent modulation
formats like QPSK can be achieved without the use of external IQ
modulators.”"” Due to the co-integration of a high power surface
emitting laser, this concept of only surface emitting lasers offers the
possibility of cost efficient flip-chip bonding in the TROSA. These
potential advantages are particularly important for fully monolithic
integration platforms, such as photonic BiCMOS."”

Il. EXTERNAL MODULATION EXPERIMENT

This section will first provide information concerning the used
laser devices and their determined intrinsic linewidths. Following,
the employed back-to-back measurement setup will be discussed.
Finally, the applied offline processing is described and the results
presented.

A. Device characteristics

The VCSEL used in this work is an unpackaged single mode
VCSEL with an integrated buried tunnel junction (BTJ) and man-
ufactured by VERTILAS. At a temperature of 20 °C, it is operating
at an emission wavelength around 1550 nm, with a threshold cur-
rent of 1.77 mA and a maximal output power of about 1.89 mW.
A power-current-voltage (P-I-V) characteristic of the structure is
given in Figure 2 (a). The minimal intrinsic linewidth of similar
structures of the same manufacturer have been found to be around
6-7 MHz using a delayed self-heterodyne measurement setup,
employing an acousto-optic modulator and a 20 km delay-line.
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FIG. 2. Power-current-voltage characteristic at a temperature of 20 °C of (a) a 1550 nm BTJ single mode VCSEL (b) a 1550 nm single mode HCSEL. (c) Experimental setup
for external modulation of a VCSEL at the transmitter and a HCSEL at the receiver as local oscillator. A QPSK is externally applied to the VCSEL carrier using an IQ modulator
(IQ Mod) and arbitrary waveform generator (AWG). PC: polarization controller, OSA: optical spectrum analyser, OBPF: optical bandpass filter, IQ Mod: IQ modulator, EDFA:

erbium-doped fiber amplifier, X/Y-Pol: x/y-polarization input, PM: power meter.

The intrinsic linewidth has been determined by applying a Voigt-
fitting on the recorded electrical spectrum. The C-band HCSEL is
based on a buried hetero structure with complex-coupled DFB-
grating. The device comprises an absorber section at the rear side
that allows the monitoring of the optical power.'*'"” In this experi-
ment, a new HCSEL design suited for flip-chip integration is used.
Furthermore, an active taper section in front of the DFB part pro-
vides increased optical power and a symmetrical beam profile with a
typical full-width half-maximum far field angle <20°. The 380 ym
long HCSEL chip includes a 100 ym long active taper section. A
P-I-V characteristic at a temperature of 20 °C is shown in Fig. 2 (b).
The etched front facet enables an outcoupled beam propagation
with ~#10° perpendicular to the chip surface, which matches well
to coupling angles typically used in silicon-based grating couplers.
The intrinsic linewidth of these HCSEL structures has been deter-
mined with a delayed self-homodyne measurement setup and fur-
ther extraction of the Lorentzian part, as well as by measuring
the phase noise spectra. Both methods reveal a typical intrinsic
linewidth < 500 kHz.

B. Experimental setup

The measurement setup used in this section is illustrated in
Fig. 2 (c). The VCSEL and HCSEL are placed on thermally indepen-
dent controlled stages and manually coupled via lensed fibers. The

VCSEL is thermally stabilized at 20.3 °C and biased with 11 mA,
which results in -2.5 dBm optical output power. The HCSEL is
biased at 90 mA with an output power of +8.5 dBm. This indi-
cates an increased coupling loss due to suboptimal fiber coupling
using the lensed fiber (see Fig. 2 (b)). The temperature of the
HCSEL is tuned to match its emission wavelength to that of the
VCSEL, which is around 1549 nm. Both signals are connected to
10 dB couplers for further monitoring of the chip-to-fiber cou-
pling and the optical spectra. While observing the optical spectrum
analyzer (OSA, Advantest Q8384), the wavelength drift between
the two lasers is found to be well below 0.1 nm (OSA resolution
0.01 nm). The VCSEL signal is then amplified to +17 dBm using
an erbium-doped fiber amplifier (EDFA) to compensate for the fol-
lowing I1Q modulator’s (ID Photonics OMFT) insertion loss. The
amplified signal is subsequently optically filtered with a 1 nm band-
width optical bandpass filter. The optical modulator is supplied
with two 700 mVpp, non-return-to-zero (NRZ) coded, 2°-1 pseudo-
random binary sequences (PRBS) by an arbitrary waveform gen-
erator (AWG, Keysight M8195A), with one electrical signal being
delayed by 256 bits. The AWG has a bandwidth of 22 GHz and
is operating at 65 GSa/s. Raised cosine filters (a=1 for 10 and 20
Gbaud, a=0.5 for 28 Gbaud) are employed internally by the AWG.
Baudrates of 10, 20 and 28 Gbaud are supplied to the modulator.
The VCSEL and HCSELs are respectively manually polarization-
controlled to match the coherent receiver’s x-polarization input
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(Fraunhofer HHI CRF-70-EH). The local oscillator’s (HCSEL) and
the modulated VCSEL’s average optical power at the receiver are
+7 dBm and -1.7 dBm, respectively. Further optimizing the opti-
cal coupling to the HCSEL would potentially allow for an increased
power budget for additional link distance and/or on-chip split-
ting. The electrical signals are then sampled by two real-time oscil-
loscopes (Tektronix DPO77002SX), operating at 200 GSa/s. The
bandwidth of the two oscilloscope channels are adjusted for each
baudrate (26 GHz and 33 GHz for 10 Gbaud and 20/28 Gbaud,
respectively) to reduce the signal-to-noise ratio degradation due to
shot noise. The bandwidth for the 28 Gbaud recording was reduced
to 26 GHz in the offline processing. Segments of 8 million sam-
ples are recorded for each channel and stored for further offline
processing.

-2
—-1r
=
S
=t
2 0
=
3
<
=
o1t
2 ! L '
-2 -1 0 1 2
In-Phase [a.u.]
(a)
-2
-1t
=
S
e
2 0y
s
3
<
=
o1t
2 L L
-2 -1 0 1 2
In-Phase [a.u.]
(b)

FIG. 3. Recovered QPSK constellation employing an externally modulated
VCSEL-HCSEL configuration at (a) 20 Gbaud (b) 28 Gbaud.
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C. Offline processing and results

All offline processing is done with MATLAB. Existing DC-
offsets are first subtracted and the data is then normalized by divid-
ing by its root-mean-square. Following, the frequency offset due
to the beating between the VCSEL’s and HCSEL’s optical fields is
compensated by a 4-th power, FFT-based coarse frequency estima-
tor using MATLAB’s communication toolbox functions. The data
stream is then resampled to the symbol rate and fed to a second
order decision-directed phase-locked-loop (DD-PLL) as presented
in Refs. 8, 20, and 21. The DD-PLL is tuned for each baudrate for
a minimal bit error-rate (BER). For the BER calculation, the first
1k symbols are omitted to guarantee that the phase recovery loop
is locked. The resulting recovered constellation for a data rate of
20 Gbaud and 28 Gbaud is shown in Fig. 3 (a) and (b), respec-
tively. The data is plotted as a 2D histogram in a logarithmic col-
orscale. We find error-free transmission for 10, 20 and 28 Gbaud
over the observed segment of 400k symbols, resulting in a BER
below 1.25:107°. This error rate is similar to that of other groups
that implement one or more high phase noise lasers in back-to-
back setups.”” However, in this work we demonstrated a novel
configuration, consisting of a VCSEL as a high phase noise laser
and a HCSEL as an intermediate phase noise laser (linewidth
<500 kHz), compared to traditional DFB lasers. The results show,
that the proposed configuration of two surface-emitting lasers is able
to provide state of the art performance in an external modulation
setup.

I1l. OPTICAL INJECTION LOCKING EXPERIMENT

This section will investigate the feasibility of the VCSEL-
HCSEL approach in an optical injection locking configuration
for future coherent short-reach datacenter interconnects. First, a
VCSEL is locked to an ECL at different external injection ratios Ripj,
defined as the ratio of input power from the master laser power and
free running output power of the slave laser. The VCSEL will then
be injection locked to the HCSEL, acting as the master laser. The
HCSEL’s wavelength is thermally tuned to drive the VCSEL in dif-
ferent operating points and the amplitude- and phase modulation is
investigated.

A. VCSEL-ECL optical injection locking

We first lock a VCSEL to an ECL to determine the depen-
dency of the VCSEL’s response on the external injection ratio. For
this, the setup in Figure 4 is used. The VCSEL is biased at 4.2 mA
with approximately -3 dBm optical output power under nearly ver-
tical coupling with a lensed fiber. The DC signal is combined with a
sine supplied by an RF source (Keysight E8257D) using a 45 GHz
bias-tee. The VCSEL is kept at 25 °C. The ECL is amplified to
20 dBm output power and subsequently attenuated. This allows to
maintain external injection ratios of 5, 10 and 20 dB with mini-
mal change to the setup between the measurements. The ECL is
polarization-controlled to match the VCSEL’s polarization. VCSEL
and ECL are connected via a circulator, whose output is connected
to a 20 dB coupler. The low power path is used for monitoring
the VCSEL coupling and the high power path is connected to an
electrical spectrum analyser (ESA, FSUP50). For the large-signal
measurement, RF source and ESA are exchanged for a bit-pattern
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generator (BPG, Sympuls Aachen BMG 2500) and an equivalent-
time oscilloscope (ETS, Agilent DCA-X 86100D). The ECL is
sweeped in its emission wavelength and at each detuning the
VCSEL’s amplitude response is measured using the ESA at a mod-
ulation power of -20 dBm. Responses at various wavelength detun-
ings for 5 and 10 dB injection ratio are shown in Figure 5 (a) and
(b), respectively. A core difference between the behavior for both
injection ratios is an increased locking range for increasing injec-
tion ratios, which is due to the higher optical power injected in
the VCSEL cavity.'® For negative detunings, we find an enhanced
relaxation oscillation frequency, which is roughly proportional to
m in our measurements. This is in agreement with the expected
behavior. The enhancement originates from the beating between
the master laser frequency and the slaves natural cavity frequency,
which is red-shifted compared to the free running frequency. There-
fore, a maximal relaxation oscillation frequency enhancement can
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FIG. 5. Amplitude response of a VCSEL under optical injection locking to an ECL
master at (a) 5 dB and (b) 10 dB injection ratio. The free running 3 dB bandwidth
of the VCSEL is approximately 7 GHz.
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FIG. 4. Experimental optical injection locking setup with a
ESA/ETS 1550 nm single mode VCSEL as slave laser and an ECL as
master laser. The ECL is amplified using an EDFA with sub-

sequent attenuation (ATT) to set different injection ratios.
BPG: bit pattern generator, PM: power meter, PC: polar-
ization controller, CIRC: circulator, ESA: electrical spectrum
analzer, ETS: Equivalent-time oscilloscope.

be found at the negative edge of the locking range.'” We also
find that for an increasing wavelength detuning, the VCSEL tran-
sitions from a moderate low-frequency amplitude response (see
Fig. 5 (b), AL = =124 pm) to a low-frequency amplitude suppression
(AL = +200 pm). Further increasing the wavelength detuning
changes the VCSEL’s amplitude response to low-frequency ampli-
tude gain (AL = +600 pm). The low-frequency gain is again caused
by the beating between the master laser and the red-shifted natural
cavity frequency.' ™' The low-frequency suppression point is asso-
ciated with a minimal amplitude response of the device under direct
modulation and also a point of pattern inversion.'”'"” We verify the
pattern inversion at an injection ratio of 20 dB using a pattern gen-
erator operating at 1 Gbaud with an amplitude of 470 mVpp and a
sampling oscilloscope. The results are shown in Figure 6. It shows,
that the VCSEL performs a pattern inversion by transitioning over
the amplitude modulation suppression point, which in this case was
in a detuning window of AA € [220, 320] pm.

In this section, we investigated the optical injection locking of a
1550 nm single mode VCSEL to an ECL as a master laser. Different
injection ratios were set and the VCSEL’s amplitude response at vari-
ous wavelength detunings was measured. The characteristics include
points of increased resonance frequencies, low-frequency ampli-
tude suppression and low-frequency amplitude gain. The edges
of the locking range, associated with the enhanced resonance fre-
quency and the low-frequency gain, are depending on the injection
ratio.'”'”'® The required detuning for the low-frequency amplitude
suppression increased only slightly by increasing the injection ratio

—A X\ =-230 pm
- A X=+20 pm
A X = +220 pm
- A XA =+320 pm
Vv, 2 A A=+770 pm

SN A

W
T

Amplitude [mV]
n =
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FIG. 6. Directly modulated VCSEL locked to an ECL under 20 dB injection ratio
at 1 Gbaud. The VCSEL transitions from moderate low-frequency modulation (AA
= —230 pm) to low-frequency suppression (AA = +220 pm). Further increasing
the wavelength detuning causes a pattern inversion and for larger detunings a
low-frequency gain (AA = +770 pm).
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FIG. 7. Experimental setup for direct phase modulation
using a VCSEL as slave laser and a HCSEL as master
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compared to the increase in locking range. The results indicate this
behavior in a detuning range of A € [175, 320] pm.

B. VCSEL-HCSEL optical injection locking

This section will investigate the feasibility of the proposed
VCSEL-HCSEL configuration for future datacom interconnects
employing injection locking applications, such as direct phase mod-
ulation. Therefore, the characteristic behavior determined in the
prior section will be analyzed and the phase - and amplitude modu-
lation will be measured using a coherent measurement setup.

1. Experimental setup

The setup for the optical injection locking of a VCSEL to the
HCSEL is given in Figure 7. The VCSEL in this experiment is kept at
a constant temperature of 20.2 °C. It is biased at 6 mA with an opti-
cal output power of approximately -1.2 dBm. The HCSEL is identical
to the prior QPSK experiment and biased at 80 mA with an output
power of +8 dBm, resulting in an injection ratio of 7 dB due to split-
ting and connector losses. Both lasers are coupled via lensed fibers
and the VCSEL is coupled nearly vertical to the chip surface. The
temperature of the HCSEL is tuned between 30 °C and 34 °C dur-
ing the measurement to achieve different detunings at the slave laser.

JOATOY
JUIYOD

laser. An external-cavity laser (ECL) is used as local oscil-
lator. A 10 Gbaud PAM-2 signal is directly applied to the
V/CSEL using a bit pattern generator (BPG). The monitoring
path of the VCSEL also includes an optical - and an elec-
trical spectrum analyzer. PM: power meter, PC: polarization
controller, CIRC: circulator, X/Y-Pol: x/y-polarization input.

2doaso[rso
o] -[eay

The HCSEL is first connected to a 20 dB coupler, with the low power
arm used for monitoring of the coupling. The other arm is polar-
ization controlled to match the polarization of the VCSEL, which
is connected to the HCSEL via a circulator. The VCSEL is supplied
with a 550 mVpp, 10 Gbaud 2°-1 PRBS, NRZ coded signal from a
pattern generator (BPG, Sympuls Aachen BPG 4x32G) and com-
bined with the DC bias via a bias-tee with 67 GHz bandwidth. It
should be noted that the RF connection from the pattern generator
to the VCSEL requires a long RF cable connection, which signifi-
cantly distorts the RF signal and causes unwanted loss, reducing the
voltage swing. The circulator output is connected to a 10 dB coupler,
with the low power path used for monitoring. The monitoring of
the VCSEL also includes an OSA (identical to the prior experiment)
and an electrical spectrum analyzer (ESA, PXA N9030A). Finally,
the signal is connected to the same coherent receiver and real-time
oscilloscope as in the prior experiment, operating in this experiment
at 100 GSa/s and a bandwidth of 20 GHz. An ECL with an output
power of +15 dBm is used as local oscillator in this setup. The emis-
sion wavelength of the ECL is tuned to the locked VCSEL during
the measurement. Segments of 40 thousand samples are recorded
for each channel and stored for further offline processing. For the
response measurements, the pattern generator is exchanged with a
RF generator (Anritsu MG 3697C).
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2. Results

First, the characteristic behavior from the VCSEL-ECL injec-
tion locking will be reproduced to determine whether stable locking
conditions can be maintained. Therefore, the pattern generator is
exchanged for a sine generator and the VCSEL is directly modulated
with a RF power of -10 dBm. The HCSEL is thermally tuned to dif-
ferent emission wavelengths, which detunes the VCSEL at a constant
injection ratio of 7 dB. At various detunings, amplitude response
measurements are performed. The aforementioned electrical path
loss is measured using an ESA and accounted for in offline pro-
cessing for the response measurements. The results are presented in
Figure 8. Detuning the VCSEL from around 0 pm to +100 pm
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FIG. 9. Recovered constellations at 10 Gbaud of a directly modulated VCSEL opti-
cal injecion locked to a HCSEL at an injection ration of 7 dB. The HCSEL is tuned to
achieve wavelength detunings of approximately (a) AA = 0 pm (b) AL = +130 pm
(c) AL = +180 pm (d) AA = +230 pm (e) AL = +296 pm (f) AL = +358 pm ()
AA = +600 pm (h) AA = +638 pm.
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(compare Fig. 8 (a) and (b), respectively) shows a transition from
a moderate low-frequency amplitude response to a reduced low-
frequency response. Further increasing the detuning to + 320 pm
(Figure 8 (c)) indicates the transition point of suppressed low-
frequency amplitude response. Significantly increasing the wave-
length detuning to AA = +520 pm (Figure 8 (d)) tunes the VCSEL to
respond with an increased low-frequency amplitude gain. We find
good agreement between the VCSEL-ECL reference measurement
and the proposed VCSEL-HCSEL configuration. This indicates that
this configuration can produce and maintain stable injection locking
operation. This is further investigated by large-signal modulation
of the VCSEL at different wavelength detunings with the coherent
detection setup. The constellation diagrams of various detunings at
an injection ratio of 7 dB are shown in Figure 9 as 2D histograms
in a logarithmic colorscale. The data is normalized by dividing it by
it’s root-mean-square and the frequency offset from the heterodyne
beating of the locked VCSEL and the ECL is compensated for. The
data is also rotated to be positioned around 0 rad. Beginning at a
detuning of approximately AA = 0 pm, the VCSEL shows no sig-
nificant phase or amplitude modulation (comp. Fig. 9 (a)). Further
increasing the wavelength detuning transitions the VCSEL in the
phase modulation regime, as was indicated by the response measure-
ments (see Fig. 9 (b) to (d)). For detunings between AL =+296 pm
and AL =+358 pm the VCSEL shows a minimal amplitude modula-
tion while operating in a predominant phase modulation regime (see
Fig. 9 (e) and (f)). The phase modulation in this regime is determined
to be around 35 to 40°. Further increasing the wavelength detuning
drives the VCSEL in a regime of increased low-frequency amplitude
gain (comp. Figure 9 (g) and (h)). The predominant phase modula-
tion changes in this domain to amplitude modulation. This can be
explained by assuming that part of the HCSEL signal is reflected at
the VCSEL’s mirror and is then interfering with the locked VCSEL
signal causing a complex offset."” While this is working towards the
phase modulation for smaller detunings, we find it to be the cause of
a unwanted shift in the complex offset and thus the amplitude mod-
ulation for increasingly higher detunings. We verify the results by
increasing the injection ratio. The VCSEL is now biased at 4.5 mA
and the HCSEL at 100 mA, resulting in an optical output power of -3
dBm and +9 dBm, respectively. The injection ratio is approximately
10 dB. The VCSEL is tuned to a point of low-frequency ampli-
tude suppression and low-frequency amplitude gain. Large-signal
measurements were performed at each detuning and the results are
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FIG. 10. Recovered constellations at 10 Gbaud of a directly modulated VCSEL
optical injecion locked to a HCSEL at an injection ration of 10 dB. The HCSEL is
tuned to achieve wavelength detunings of approximately (a) AA = +300 pm (b) AA
= +880 pm.
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given in Figure 10. The results for 10 dB injection ratio show a
similar behavior and phase swing at the low-frequency amplitude
suppression point.

3. Discussion

We measured a phase swing of approximately 35 to 40° at a
detuning for minimal amplitude modulation. Further increasing the
detuning did not increase the phase modulation, but presumably
changed the interference of reflected master and slave field. This
moves the phase modulation to a state of amplitude modulation.
However, the maximal achievable phase modulation in this exper-
iment might be limited due to the aforementioned poor RF connec-
tion to the VCSEL, which reduces the modulation swing. Another
group achieved under similar locking condition with VCSELSs of the
same manufacturer a maximal phase modulation of around 100°
(see Ref. 14) at 470 mVpp, which indicates that the modulation
voltage might be the cause of the limited phase modulation. Even
with a limited phase modulation, there are possible approaches to
this problem. We reported the existence of a complex offset at the
positive locking edge, which can presumably only be found using
heterodyne detection. Using a homodyne detection scheme by split-
ting the HCSEL, the interference of the local oscillator and the signal
field could effectively suppress this unwanted complex offset. Sim-
ilar, in an integrated solution, this could be achieved by interfering
a VCSEL driven at the positive edge (see Fig. 10 (b)) with a split
portion of the master laser. The relative phase of the two signals
needs to be adjusted for that purpose. A schematic of this concept is
given in Figure 11 (a). After splitting the HCSEL signal using a direc-
tional coupler, the light could be reflected using a 1x2 multi-mode
interferometer (MMI) and a tunable delay-line (TDL). The TDL
is conceptualized using silicon photonic ring resonators. Another
solution was proposed by using two VCSELs in a push-pull con-
figuration.'" This would create a chirp-free modulation and would

VCSEL

e

[eee)

TDL FIG. 11. Concept for an integrated coherent transmitter
using a VCSEL-HCSEL approach. (a) A part of the HCSEL
is split for interference with the locked VCSEL to adjust the
complex offset. (b) A second VCSEL is modulated with the
inverse pattern to interfere with. This removes the complex
offset and creates chirp-free modulation.”” The red lines
indicate electrical connections. GC: grating coupler, TDL:

I tunable delay-line, MMI: multi-mode interferometer.
I pac

remove the complex offset we reported on in this work. A schematic
is shown in Figure 11 (b). In both cases, an interferometric struc-
ture required for this is readily available in silicon photonics. Using
two VCSELs operating within a regime of predominant amplitude
modulation could also be an effective way to produce i.e. QPSK
by creating a 90° offset between two directly modulated VCSELs."”
Splitting the HCSEL for the use of multiple VCSELs for QPSK using
the proposed concept is plausible, since we performed the lock-
ing at 7 dB and 10 dB, indicating a sufficient power budget. In
general, an injection ratio greater than 5 dB is required for these
applications. "’

In this section, we demonstrated the proposed novel concept of
two surface-emitting lasers for optical injection locking applications
in silicon photonics. We verified the behavior compared to a refer-
ence measurement using a VCSEL as slave and an ECL as master
laser. We found an operating point of predominant phase modu-
lation, as indicated by the response measurements. For increasing
detunings, we reported on a complex offset due to the interference
of the master laser reflection and the locked slave signal. We also
discussed possible solutions, which are readily available in silicon
photonics.

IV. CONCLUSION

The content presented in this work is two-fold. First, we pro-
posed a novel concept for integrated coherent transceiver for data
center interconnects. The use of a power efficient VCSEL and a high
power HCSEL allows for the power budget necessary in coherent
communication, while maintaining the possibility of cost efficient
flip-chip bonding of both devices. We demonstrated the feasibility
of this approach in a state of the art 56 Gbps QPSK experiment
employing an external IQ modulator. Second, we thoroughly inves-
tigated the optical injection locking of the HCSEL as master laser
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to the VCSEL as slave laser. We achieved operating points of pre-
dominant phase modulation under direct modulation, bypassing the
need for external modulation. To the best of our knowledge, this
is the first time direct phase modulation of a VCSEL under opti-
cal injection locking was demonstrated using two vertically-emitting
laser sources as master - and slave laser. We also reported on a com-
plex offset on the positive edge of the locking range and discussed
solutions to adjust to this offset. These solutions are straightfor-
ward to implement in silicon photonics. This indicates that novel
integration concepts, such as the one presented in this work, could
become a powerful extension of current silicon photonic optical
interconnect solutions. When integrated, this system has the poten-
tial to profit from the low power consumption of the VCSEL and
the higher output power and smaller linewidth of the HCSEL, while
allowing for cost efficient and low footprint flip-chip bonding in the
TROSA.
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